The City of Columbus , Ohio, has been developing an inducedinfiltration water supply in the glacial outwash aquifer that underlies the Scioto River and Big Walnut Creek in southern Franklin County. The high sustained yields from the glacial aquifer are a function of the ground-water flow from the aquifer system and the induced flow of surface water from overlying streams. In this two-component mixing situation, the chemical quality of the ground-water and surface-water sources and their interaction determine the chemical characteristics of the water produced by the well field.
Purpose and Scope
This report presents the results of a study conducted by the U.S. Geological Survey in cooperation with the City of Columbus. The purpose of the study was to investigate the chemical quality of ground water and surface water within the recharge area of the glacial aquifer. Specifically, the report defines (1) the general water quality of the area, with particular attention to compositional differences between ground and surface waters, and (2) the chemical relationships between ground water and surface water. The study is based on 62 water-quality analyses 54 from wells and 8 from area streams. The samples were collected from 1975 to 1980 and analyzed for common constituents, trace metals, organic carbon, bacteria, and nitrogenous compounds. This report is part of a series of investigations that evaluate the hydrogeology of the glacial aquifer in southern Franklin County and its suitability for an induced-infiltration water supply.
Previous Studies
Several reports on the hydrogeology and water quality of southern Franklin County have been published. A report by Schmidt and Goldthwait (1958) provides information on the geology and ground-water resources of Franklin County. A report by Stowe (1979) includes detailed information on the hydrogeology of the Scioto River valley. Weiss and Razem (1980) describe the construction of a finite difference two-dimensional ground-water flow model for the southeastern Franklin County area, and a report by de Roche and Razem (1981) describes water quality conditions in the vicinity of several landfills located just north of the study area. Razem (1983) modeled transient flow conditions in the glacial outwash aquifer.
Physical Setting
The study area ( fig. 1 ) is located in the southern part of Franklin County, and includes a small section of the city of Columbus. The major streams in the area are Big Walnut Creek, Walnut Creek, and the Scioto River. Topography is generally flat; the land slopes 40 to 70 feet per mile towards the major streams. The primary land use in the area is agriculture, and the major crops are corn and soybeans. The floodplains of the Scioto River and Big Walnut Creek are both used for agriculture.
Methods of Investigation
The data-collection network ( fig. 2 , table 1) consisted of 74 wells 1 and 4 surface-water sites. Casing diameter of the wells ranges from 2 inches to 240 inches and depths range from 16 feet to 222 feet. The majority of the wells in the network were domestic wells; however, twenty-three 2-inch diameter observation wells were drilled, cased, and screened to provide additional data. The data were collected and analyzed during a 5-year period that began in 1975.
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The glacial deposits contain a wide variety of rock types from igneous, metamorphic f and sedimentary environments. Granitic rocks containing sodium and potassium feldspars, mica f quartz, and hornblende are fairly common. Also common are limestone, chert, pyrite, globular marcasite, and silicacemented quartz sandstones. Of the metamorphic rocks, mica schists are predominant, although other types have been noted.
The ground-water potentiometric map shown in figure 3 is based on water-level data obtained in October 1979. The map indicates that most ground water discharges into Big Walnut Creek and the Scioto River. Recharge areas are located to the east and west of the streams and between the two streams. Recharge to the western edge of the study area by ground-water movement has been estimated at 25 Mgal/d (million gallons per day), whereas recharge from precipitation was calculated to be 12 inches per year (Weiss and Razem, 1980) . During periods of low flow in the late summer months, effluent from the Jackson Pike sewage-treatment plant and ground-water discharge to streams accounts for most of the streamflow. The mean low flow for water years 1976-80 for Big Walnut Creek was 47.2 ft3/s (cubic feet per second) or 30.4 Mgal/d, whereas the Scioto River had a mean low flow of 148.4 ft^/s or 95.9 Mgal/d. The geologic section ( fig. 4) , which was constructed from driller's and geologist's logs of project wells, shows the relationship between the aquifer, the Scioto River, Big Walnut Creek, and the water-supply wells. The standard for coliform bacteria is one colony per 100 milliliters.
The contaminant levels for fluoride are based upon the annual average of the maximum daily air temperatures for the location in which the community water system is situated. The maximum primary contaminant levels for fluoride are: Fecal streptococci bacteria are being used 'increasingly as a microbiological indicator of significant contamination of water because the normal habitat of these organisms is the intestines of humans and animals. The term "fecal streptococci" encompasses several varieties and groups of bacteria, some of which may not be of sanitary significance (Pagel and Hardy, 1980) . Bacteriological analyses were done according to Standard Methods for the Examination of Water and Wastewater (American Public Health Association, 1980); KF streptococcus agar was used for the enumeration of fecal streptococci. Brodsky and Schiemann (1976) investigated the recovery of fecal streptococci by KF agar and confirmed that 83 percent of the typical red-to-pink colonies recovered at 35°C were fecal streptococci. A similar study (Pagel and Hardy, 1980) confirmed 81 percent of typical colonies recovered were fecal streptococci, the remaining 19 percent being non-fecal streptococci.
Microbiological testing for fecal coliform and fecal streptococci bacteria was done on water from 15 wells within the study area. Water from 11 of the 15 wells tested (table 2) contained either fecal coliform or fecal streptococci bacteria or both. Concentrations of fecal bacteria ranged from 1 to 2,400 cols./lOO ml (colonies per 100 milliliters). High concentrations of fecal coliform (190 cols./lOO ml) and fecal streptococci (2,400 cols./lOO ml) in water from well FR-104 might have been the result of flooding of the Scioto River. Subsequent retesting of the well water revealed greatly reduced fecal coliform and fecal streptococci concentrations of 2 and 40 cols./lOO ml, respectively.
Surface Water
Water-quality samples were collected from the Scioto River on November 20, 1979, and May 19, 1980 at flows of 788 and 1,240 ft3/s, respectively. Samples were collected from Big Walnut Creek on November 13, 1979, at a flow of 637 ft3/s and on May 20, 1980 , at a flow of 1,090 ft3 /s. Three sites were sampled on the Scioto River; one site was sampled on Big Walnut Creek ( fig. 5 ).
Water from the two streams, although slightly less mineralized, is very similar to the underlying ground water in chemical quality ( fig. 6, table 3 ). The principal cations in the surface waters are calcium and magnesium, whose concentrations range from 50 to 85 mg/L and 14 to 26 mg/L, respectively. Bicarbonate and sulfate are the most abundant anions, their respective concentrations ranging from 150 to 260 mg/L and 51 to 110 mg/L.
Differences among the composition of the ground water and surface waters are slight, as illustrated by the water-analysis diagram in figure 7 (Piper, 1944) . Concentrations of calcium, magnesium, and bicarbonate are higher in ground water, owing in part to long residence time in aquifer materials that contain significant amounts of these ions, and in part to increased solubility of carbonate minerals caused by solution of carbon dioxide from the soil/root zone.
Microbiological samples (table 3) were collected from three sites on the Scioto-River on November 11, 1979 and May 19, 1980 . The 1979 samples show relatively small concentrations of fecal coliform and fecal streptococci at all three sites, whereas 1980 samples contained 21,000 cols./lOO ml of fecal coliform and 80,000 cols./lOO ml of fecal streptococci at one site. Samples collected from Big Walnut Creek on November 13, 1979, and May 20, 1980 , show relatively small concentrations of both types of bacteria.
Coliform organisms do not necessarily constitute a threat to water supplies using induced infiltration systems; however, microbial contamination of induced infiltration systems has been known to occur. In 1964, coliform bacteria were shown to have traveled 180 feet from the Susquehanna River through highly permeable coarse sand and gravel to a municipal supply well in Endicott, New York (Randall, 1970) . Normally, the aquifer would have filtered out bacteria as stream water moved through the base of the river. The influx of bacteria was traced to several excavations in the stream channel that disturbed the natural stratification of the sediments and allowed the bacteria to pass.
The glacial outwash aquifer in southeastern Franklin County is very similar to the aquifer at Endicott. The streambeds of the Scioto River and Big Walnut Creek are composed of gravel and fineto-medium sand and silt that can provide adequate filtration. Barring disturbance of the bed material, the water-supply wells should be adequately protected from bacterial contamination.
From October 1971 through November 1972, a monthly pesticide sampling program (U.S. Geological Survey, 1973) was conducted by the U.S. Geological Survey on the Scioto River above Big Walnut Creek near Shadeville, Ohio. At this location, just downstream of the water-supply wells, water samples were analyzed for a total of 19 pesticides from organophosphorus, phosphorus, chlorophenoxy, and other groups. None of these 19 pesticides was detected in any of the analyses.
GEOCHEMISTRY AND INTERACTION OF GROUND AND SURFACE WATER
Water-quality samples from 7 wells and 2 surface-water sites were chosen to study the chemical relationships between ground water and surface water. The FORTRAN computer programs WATEQF (Plummer and others, 1976) and BALANCE (Parkhurst and others, 1982) were used to interpret the chemical data. WATEQF models the thermodynamic speciation of inorganic aqueous species in natural waters, and provides information on the processes that control water composition in ground-and surface-water systems. BALANCE calculates the mass transfer that takes place when two "initial" waters combine to form a third, "final" water. BALANCE also calculates the relative contribution, in percent, of each initial water.
Mass-Balance Analysis
The saturation values calculated by WATEQF (table 5) indicate that water from the outwash aquifer is approximately in equilibrium with calcite, dolomite, and silica. The water is supersaturated with respect to pyrite and undersaturated with respect to Fe(OH)3 amorphous. Redox potentials at selected wells were calculated using the concentrations of H2 S and F Removal of calcium by cation-exchange reactions with sodium was considered as a possible cause for the calcium deficit; however, sodium concentrations in the study area's ground water are too low. The balance of the bicarbonate may result from weathering of silicate minerals. The evidence for silicate weathering as a bicarbonate-producing reaction is (1) the abundance of silica-containing rocks in the aquifer, (2) the presence of many silica-cemented rocks, and (3) the approximate equilibrium condition of silica with respect to the system. Sulfate concentrations differ throughout the aquifer system. The combination of low redox potential, the presence of reduced sulfur species, and relatively low sulfate concentrations indicates sulfate reduction is occurring to some extent in the aquifer.
The ground water also contains fairly large concentrations of dissolved iron. Ferrous iron (Fe 2+) and reduced sulfur (HoS) are rarely found together in natural waters that have attained equilibrium (Hem, 1970) . A possible explanation for this unlikely combination of chemical species may be the configuration of the collector-type wells.
A collector-type well system produces water from several levels and directions within the aquifer. Chemical quality of ground water varies with depth and location in an aquifer. The presence of both Fe 2+ and H2 S probably results from the mixture of two waters from environments that vary in reducing strength. As these two chemically different waters are pumped from the well, there is not sufficient time for them to mix and attain equilibrium; therefore, a nonequilibrium condition is attained in which both ferrous iron and reduced sulfur are present.
In certain areas of the glacial aquifer, oxidation of pyrite and formation of sulfate occurs:
The high concentrations of sulfate in water from well FR-101 in June (180 mg/L) and August (240 mg/L) 1975 support this equation; however, the concentrations of ferrous iron are less than expected. The equation (Barnes and others, 1964 ) also indicates oxygen is supplied through the reduction of water, however, there is uncertainty over the fate of the hydrogen that would be generated. The reduction of hematite (Barnes and others, 1964) has been suggested as a sink for the hydrogen through the reaction: Because the equation for sulfate reduction indicates that the process is endothermic, a source of energy (such as hydrocarbons) must be available. Concentrations of total organic carbon (TOC) in the water are much too low in most cases to encourage sulfate reduction. Nevertheless, there are other sources of carbon that were not quantitatively measured. A well located 200 feet east of collector FR-101 produces water from just below the limestoneoutwash contact; the water is highly charged with hydrogen sulfide and is black from precipitation of iron sulfide (FeS). In addition, stringers of highly carbonaceous material have been observed in the Columbus Limestone, which underlies the glacial aquifer. The silt and mud bed of the Scioto River adjacent to collector 101 also is a source of carbon and bacteria a source that might support a reducing environment because of its proximity to the sewage-treatment plant upstream.
Reaction Model of the Stream Aquifer System
BALANCE is a computer program that models the chemical reactions that take place between minerals and water in a natural system. For the mixing-type simulation, the following information is required: (1) Chemical compositions of three waters, two initial (or end-member) waters, and a third (or final) water that results from mixing of the two end-member waters; and (2) a set of mineral phases for the chemical species that are presumed to react in the system. The reaction models defined by BALANCE are limited only by mass balance between the elements, thus, the model may produce a reaction that is thermodynamically impossible.
The main objectives in modeling, the collector system were to determine the interaction of surface water and ground water, and to arrive at a general idea of the chemical reactions that occur. Reaction simulations were limited to the carbonate chemistry, as the carbonate system is the major control on the aquifer. Because of insufficient data, oxidation-reduction reactions were ignored and no attempt was made to define a unique model for the system. Three chemical analyses (table 6 ) were chosen to model the mass transfer that takes place when surface water and ground water mix to form the final water that flows from the collector well. Well PR-74 represents water from the recharge area of the glacial aquifer; Scioto River at site 101 represents surface water, and well FR-101 is the collector or final water ( fig. 8 ). Mineral phases (table 7) chosen for the model were based upon the observed mineralogy of the aquifer and saturation data calculated previously.
Results of simulation 1 (table 7) indicate that the final water is composed of 80 percent ground water and 20 percent surface water. The collector sample was taken at a pumping rate of 15.9 ft 3 /s.
The purpose of simulation (table 7) was to include all mineral phases that might have a significant effect on aquifer chemistry. To achieve the final water in simulation 1, 0.51 mmol/L (millimoles per liter) of calcite was precipitated, 0.67 mmol/L of gypsum was dissolved, and 0.30 mmol/L of carbon dioxide was lost to the atmosphere. None of the other chemical phases included in the simulation contributed significantly to the production of the final water.
As noted earlier in the report, the model confirms that calcium/sodium exchange has very little effect on the aquifer chemistry. The results of simulation 1 (table 7) indicate 0.16 mmol/L (6.4 mg/L) of calcium were removed by the ion exchange reaction. The simulation confirms that removal of calcium by ion exchange may occur, however, it does not happen in quantities sufficient to overcome the calcium deficit (40 to 60 mg/L) with respect to production of bicarbonate. Weathering of silicate minerals may indeed account for the balance of bicarbonate in the system. In simulation 2, the mineral phases (table 7) "ion exchange" (Ca-Na) and "halite" were excluded. Results of simulation 2 (table 7) show that 0.36 mmol of calcite was precipitated and 0.45 mmol of carbon dioxide was lost to the atmosphere. Small amounts of dolomite and gypsum were dissolved. The calcium removed by exchange in simulation 1 is precipitated as calcium carbonate in simulation 2. Either pathway for removal of calcium is equally possible. Exchange reactions may occur on silts and clays as river water is induced to flow downward through the base of the river. Chemical precipitation may occur as the two waters mix before discharging from the well. The small scale of the chemical reactions and the amount of mass transfer indicates the close chemical resemblance between the carbonate chemistry of the ground-and surface-water systems.
The relative percentages of ground-water and surface-water contribution, as calculated by chemical modeling, agree favorably with results obtained by digital ground-water flow modeling. Both reaction-modeling simulations indicate that the final water was composed of 80 percent ground water and 20 percent surface water. Simulation of pumping collectors in a digital ground-water flow model designed for this study area (Razem, 1983) indicates that the water from four collectors pumping at a combined rate of 60 ft 3 /s is composed of 32 percent surface water and 68 percent ground water.
SUMMARY AND CONCLUSIONS
Topography in the Scioto River valley near Columbus, Ohio, generally is flat and the predominant land use is agriculture. Glacial deposits up to 200 feet thick that consist of sand and gravel interspersed with till are the major source of ground water; however, the Columbus Limestone contributes some water by upward leakage. A potentiometric map indicates that ground-water flow enters the Scioto River and Big Walnut Creek from recharge areas adjacent to and between the two streams. Ground-water recharge to the western edge of the study area has been estimated at 25 Mgal/d.
A very hard calcium bicarbonate ground water high in dissolved solids is characteristic of the area. Mean pH is 7.3 and calcium, magnesium, and bicarbonate are the dominant dissolved ions. Concentrations of dissolved iron and manganese routinely exceed OEPA Public Water Supply criteria for iron and manganese. Thirty-five of 54 water analyses exceeded the OEPA standards for iron, and 27 analyses exceeded the standard for manganese.
Microbiological testing of ground water indicated that 11 of 15 well waters contained fecal coliform or fecal streptococci bacteria. The highest concentration of fecal streptococci (2 f 400 cols./lOO ml) was found in well FR-104, located on the flood plain of the Scioto River. Abandoned and unsealed wells within the flood plain area may allow the river waters to flow directly into the glacial aquifer and thereby lose the beneficial effect of normal infiltration in reducing bacteria concentration. The maximum analyzed concentrations of bacteria in the Scioto River were 24,000 cols./lOO ml fecal coliform, and 80,000 cols./lOO ml fecal streptococci.
Differences between the chemical composition of the ground water and surface water are slight. Stiff diagrams show that the streams have the same general chemical characteristics as the ground water, but are a more dilute solution.
Saturation indices calculated with the computer program WATEQF indicate that water from the glacial aquifer is approximately in equilibrium with calcite, dolomite, and silica, and supersaturated with respect to pyrite. Buffering of pH is accomplished primarily by the carbonate system; however, weathering of silicate minerals may also influence pH by production of bicarbonate. Sulfur species and their concentrations differ throughout the aquifer, which suggests the existence of different chemical environments.
Redox potentials and the presence of hydrogen sulfide indicate that certain areas of the aquifer are under reducing conditions. Dissolved-oxygen concentrations of 0.2 to 2.1 mg/L indicate other areas of the aquifer that are under oxidizing conditions. The aquifer in the vicinity of the Scioto River is considered to be an unstable, nonequilibrium system. The eventual sustained use of the collector-pumping system will further modify the chemistry of the glacial aquifer and, although change is certain, it is difficult to predict what types of chemical reactions will occur.
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